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ABSTRACT

CaWO4/g-C3N4/WOs3 ternary nanocomposites were synthesized via a hydrothermal method, followed by ultrasonic-
assisted composite formation. The structural, optical, and morphological properties of the nanocomposites were systematically
characterized wusing X-ray diffraction (XRD), ultraviolet—visible diffuse reflectance spectroscopy (UV-DRS),
photoluminescence (PL), Fourier-transform infrared spectroscopy (FTIR), field-emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). XRD analysis confirms
the coexistence of calcium tungstate (CaWOs), graphitic carbon nitride (g-C3Na4), and tungsten trioxide (WO3) in the ternary
nanocomposites, and the shift in the diffraction pattern suggests the presence of interfacial interaction among the components.
Optical absorption studies exhibit a distinct red shift with increasing WOs content, and a reduction in the band gap is
evidenced from the Tauc plot. Among all the compositions, TCS exhibited the best photocatalytic performance, degrading
98% of Rhodamine B (RhB) in 75 min. The enhanced performance was attributed to optimized charge separation and the
formation of a robust double S-scheme heterojunction. The key role of HOe and O+ species in the photodegradation of RhB
was identified by radical trapping experiments. In summary, at the optimum concentration, the synergy among the scheelite
CaWO4q crystalline framework, n-conjugated g-C3Nas, and defect-rich WOs enhances charge separation via a double S-scheme
mechanism, enabling rapid ROS generation and making TCS5 superior among the synthesized photocatalysts.

Keywords: Ternary nanocomposites; Photocatalytic degradation; Double S-scheme heterojunction; Ultrasonic-assisted
synthesis; Radical trapping experiments; Wastewater treatment.

1. INTRODUCTION

The intensified industrial activity and human
interventions have created a significant impact on water
bodies and the aquatic environment owing to the
discharge of hazardous organics via industrial as well as
domestic effluents (Singh et al 2023). At present,
coagulation, adsorption, filtration, and chemical
oxidation are employed to treat polluted water (Kato
and Kansha, 2024). However, these technologies exhibit
limited degradation efficiency, secondary pollutant
generation, and high operational cost, restricting their
long-term sustainability (Feijoo et al. 2023; Matesun et
al. 2024). Conversely, semiconductor photocatalysis
emerges as a promising eco-friendly alternative, capable
of mineralizing a wide range of pollutants into non-toxic
byproducts like CO, and H,O under mild conditions
(Jabbar et al. 2024; Shobana et al. 2024).

Photocatalysis is fundamentally based on light-
induced excitation of semiconductors, which generates

charge carriers that facilitate the redox reactions at the
semiconductor surface (Mohamadpour and Amani,
2024). However, most single-component photocatalysts
face limitations such as wide band gaps that restrict
visible light utilization, rapid charge carrier
recombination, low surface activity, and poor catalytic
stability (Li et al. 2022a). These limitations have
prompted researchers to develop multi-component
photocatalysts with improved light absorption, efficient
charge separation, and tailored band structures.

Nanocomposite photocatalysts have received
considerable attention owing to their ability to synergize
the properties and advantages of individual
semiconductors. A cautious selection of nanocomposite
components, based on their band structure, charge
transfer characteristics, and chemical reactivity, is
essential for designing efficient nanocomposite
photocatalysts (Gumma et al. 2024). Calcium tungstate
(CaWOQs), a scheelite-type oxide, is recognized for its
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robust structural stability, chemical resilience, and
excellent luminescence properties (Yi and Jung, 2021).
Despite these advantages, CaWOs is incapable of
absorbing visible light owing to its wide band gap (3.7
eV), which limits its photocatalytic activity (Maurera et
al. 2004).

Conversely, graphitic carbon nitride (g-C3N4)
exhibits a narrow band gap (2.7 eV) with other
advantages such as a layered structure, high thermal and
chemical stability, facile synthesis, tunable band
structure, and strong reduction ability (Singhal et al.
2024). Nevertheless, its photocatalytic performance is
hindered by its rapid charge carrier recombination, low
carrier mobility, and poor conductivity (Balakrishnan
and Chinthala, 2022).

Tungsten  trioxide (WOs3)  exhibits a
comparatively narrow bandgap (2.6 eV) and supports
this photocatalytic system owing to its strong oxidative
potential, visible light absorption, and good
photostability (Murillo-Sierra et al. 2021). However, its
conduction band is positioned too positively, which
hinders its electron mobility (Dutta et al. 2021; Samuel
et al. 2022). Therefore, combining CaWOj4, g-C3N4, and
WOs is expected to integrate their advantages, enabling

improved charge and enhanced visible light
photocatalytic activity.
Although conventional heterojunctions

improve charge separation, the migration of charge
carriers to less reactive band positions often reduces the
redox ability of the photocatalyst. The proposed system
is expected to promote interfacial charge transfer and
extend visible-light absorption via the formation of a
double S-scheme heterojunction. This heterojunction
allows the recombination of energetically undesirable
charge carriers while preserving the reactive ones at
their corresponding band edges, resulting in improved
separation and migration of photogenerated charge
carriers, stronger redox capabilities, and increased
reactive oxygen species generation (ROS), which are
key factors for efficient photocatalytic degradation.

Vadivu et al. (2025) developed a binary
nanocomposite, = CaWO4/g.CsN4,  with  varying
compositions and evaluated the photocatalytic
degradation performance towards RhB under visible
light. Among several compositions, the nanocomposite
containing 3 wt.% g-CsNs (denoted as CC3)
demonstrated the highest photocatalytic degradation
efficiency against Rhodamine B (98% in 150 min under
visible light). This remarkable performance is ascribed
to enhanced charge separation and improved light
absorption. Furthermore, CC3 showed excellent
structural stability and recyclability, making it a suitable
candidate for developing ternary photocatalysts.

Motivated by the performance of binary
nanocomposite (CC3), this study aims to design and
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develop CaWO4/g-C3sNo/WOs3 ternary systems with a
double S-scheme heterojunction architecture. The
incorporation of WOs is expected to improve the charge
separation efficiency, optimize the band alignment, and
broaden the visible-light absorption of nanocomposites
via the formation of a double S-scheme heterojunction.
The ultimate objective of this approach is to construct a
stable visible-light-active  photocatalyst for the
degradation of organic pollutants.

2. MATERIALS

The chemicals used in the present work were
purchased from Loba Chemie, Mumbai, India, including
calcium nitrate tetrahydrate (Ca(NOs)2-4H.0, 98%),
sodium tungstate (Na2WOa-2H20, 98%), hydrochloric
acid (HCI, 35%), and melamine (CsHsNs, extra pure),
while Rhodamine B (C28H31C1N203, 98%) was
purchased from HiMedia, Mumbai, India. All the
chemicals were used without further purification.

2.1 Experimental Methods
2.11 Synthesis of CaW04 Nanostructures

The CaWO, nanostructures were synthesized
as per our previous report (Vadivu er al. 2025).
Equimolar ratio of Ca (NO3),.4H,0 and Na,W0O4.2H,0
was taken and dissolved separately in 30 mL of
deionized water, and mixed with vigorous stirring for 30
min. The contents were then transferred to a 100 mL
autoclave and heated at 180 °C for 8 h. After cooling to
room temperature, the precipitates were collected by
centrifugation, washed thrice with deionized water and
ethanol. The precipitates were dried at 80 °C to obtain
CaWOy4 nanostructures, labelled as CW.

2.1.2 Preparation of g-C3N1 Nanostructures

g-C3N4 nanostructures were prepared following
the reported literature (Niu et al. 2012). 5 g of melamine
was taken in an alumina crucible and covered with the
lid. The melamine was heated at 550 °C for 4 h, and the
contents were allowed to cool naturally. The resulting
yellow solid g-C3Nj (labelled as CN) was powdered
using a mortar and pestle.

2.1.3 Preparation of WO; Nanostructures

WO; is synthesized with slight modifications
based on the reported literature (Tahir et al. 2018). In
this modified synthesis procedure, 10 mmol of
Na,W04.2H,0 was dissolved in 60 mL of water, and
then 1:1 HCI was added dropwise under vigorous
stirring until a yellow precipitate was obtained. The
contents were transferred into a Teflon-lined autoclave
and then heated at 180 °C for 24 h. After cooling to
room temperature, the contents were centrifuged,
washed repeatedly with water and ethanol. The obtained
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precipitate was dried at 80 °C to yield a yellow powder
of WO3 nanostructures.

2.1.4 Synthesis of Ternary Nanocomposites

Table 1. Weights of CC3 and WO; used in the preparation of
CaWO0,/g-C:N,/WO; ternary nanocomposites

S. Weight of CC3 Weight of Ternary
No. (mg) WO; (mg) Nanocomposites

1 495 5 TC1

2 485 15 TC3

3 475 25 TCS

4 465 35 TC7

5 455 45 TC9

The nanocomposites were prepared by

ultrasonication of the calculated quantities of
pre-synthesized nanostructures. CaWO4/g-C3N4 binary
nanocomposites were prepared as reported earlier
(Vadivu et al. 2025) by ultrasonication of 97 wt.%
CaWO4 and 3 wt.% g-C3N; in water, followed by
separation, washing with ethanol, and drying at 80 °C.
The ternary nanocomposites were prepared by
ultrasonication of calculated amounts of CC3 and WO;
(as given in Table 1) in 50 mL of water for 3 h at room
temperature. The precipitates were collected by
centrifugation, washed with ethanol, and dried at 80 °C.

2.2 Characterization Techniques

The crystal structure of all the synthesized
nanostructures (CaWQs, WOs3, and g-C3N4) and the
nanocomposites were studied by X-ray diffraction
(XRD) wusing a Rigaku diffractometer. Optical
absorption studies of the synthesized nanocomposites
were carried out using a UV-2600 spectrophotometer.
Nexus 470 was used to probe the vibrational modes of
synthesized nanocomposites. The morphological studies
and microstructural analysis were conducted using Field
emission scanning electron microscopy (FESEM, JEOL,
JEM-7001F) and high-resolution electron microscopy
(HRTEM, JEOL  JEM-2100F). Photocatalytic
degradation efficiency of synthesized nanocomposites
was measured using a lab-made photocatalytic reactor,
and the decrease in dye concentration was monitored
using a JASCO UV- Vis spectrophotometer.

2.3 Photocatalytic Experiment

Photocatalytic degradation of RhB was
conducted using an indigenously constructed reactor. It
consists of a 500 W halogen lamp and a double-walled
glass container, both of which are separated at a distance
of 15 cm. The dye solution and catalyst were taken in
the double-walled container and stirred in the dark for
the adsorption—desorption equilibrium. After attainment
of equilibrium, the mixture (dye solution + catalyst) was
irradiated with light, and the decrease in dye
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concentration was monitored at regular time intervals
using a spectrophotometer. At any point in time, the
percentage of dye degradation was calculated using the
relation:

% of dve degraded = C"C;C‘:»( 100 O
o e

where Cy and C, are the concentrations of dye
at time “0” and “#” min, respectively.

Radical trapping experiments were conducted
to identify the key species involved in the
photodegradation process. The procedure was similar to
that of the photodegradation experiments, except that
radical scavengers were used along with the dye.

In the current study, photocatalytic degradation
experiments were done in triplicate to ensure
reproducibility. The degradation efficiencies and kinetic
rate constants reported represent the average values of
triplicate experiments, and the corresponding standard
deviations were presented as error bars.

2.4 pH Drift Method

The point of zero charge (pHpzc) of the
synthesized nanocomposites was found using the pH
drift method (Jiao et al. 2017; Kosmulski, 2023). 50 mg
of catalyst was suspended in the solutions of various pH
levels prepared using NaOH and HCI. The suspension
was stirred continuously, and the change in pH (ApH)
was measured after 48 h. A graph was plotted by taking
the initial pH on the X-axis and ApH on the Y-axis. The
pH at which ApH = 0 is taken as pHpzc.

3. RESULTS AND DISCUSSION

3.1 X-ray Diffraction Studies

¥ Ca(NOy,4H,0 Na,WO,.2H,0

BINARY
NANOCOMPOSITES

+ —

TERNARY

: NANOCOMPOSITES

CaWO0, /g-C,N, Nanocomposites|

CaWO, /-GN, WO,
Nanocomj posites

Fig. 1: Schematic representation of the synthesis of ternary
nanocomposites
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Fig. 2: X-ray diffraction patterns of CaW0./g-C:N./WO:
ternary nanocomposites [inset: XRD patterns of CN, CW, and
WO

Fig. 2 shows the X-ray diffraction patterns of
ternary nanocomposites. The inset of Fig. 2 shows the
XRD patterns of individual components of
nanocomposites. The crystal structure and phase
composition were analysed using XRD. The diffraction
pattern of ternary nanocomposites exhibits peaks at 20 =
28.8°, 31.4°, 34.1°, 39.2°, 43.3°, 47.7°, 54.2°, 56.3°,
57.9°, 59.7°, 76.3°, which correspond to (112), (004),
(200), (211), (204), (220), (161), (312), (303), (224) and
(136) planes of CaWO, (Scheelite phase, ICDD Card
No. 01-085-0433), respectively (Yi and Jung, 2021).
The peak at 20 = 27.6° corresponds to the (002) plane of
g-C3N4 with hexagonal phase (ICDD Card No. 01-87-
1526) (Liu et al. 2011). The ternary composites exhibit
peaks also at 20 = 22.9°, 24.2° 36.7°, and 50.1°,
corresponding to (020), (200), (220), and (400) planes
of hexagonal WOs, respectively (Balzer et al. 2014,
Boruah et al. 2020 and Liu et al. 2015). The synthesized
compounds TC1, TC3, TC5, TC7, and TC9 exhibit
diffraction patterns of three distinct compounds:
CaWO0,, g-CsNs and WO;, which confirms their
coexistence in the ternary nanocomposites. Further, the
peak shift and broadening in ternary nanocomposites
compared to distinct components indicate the localized
structural deformation and strain caused by interaction
between the components of nanocomposites (Alanazi
and El Sayed, 2024; Li et al. 2022b).

The crystallite size (D) of the components was
calculated using the Debye-Scherrer equation (Akhsassi
etal. 2023):

Rl
b= frosd

o)

where, ‘k’ refers to the Scherrer constant, ‘A’ is
the wavelength of the X-ray used, £ is the full width half
maximum, and ‘@’ is the diffraction angle. The analysis
shows the crystallite size of the major component
(CaWO4) was 35 nm. Overall, the XRD analysis
suggests the formation of ternary nanocomposites with
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very good interaction, and the absence of impurity
peaks portrays the purity of the synthesized samples.

3.2 Optical Studies
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Fig. 3: UV-Vis DRS spectra of TC1, TC3, TC5, TC7, and TC9
ternary nanocomposites [inset: (a) enlarged UV—-Vis DRS
spectra showing a shift in absorbance and (b) Tauc plot]

The optical ~ behaviour  of  ternary
nanocomposites was studied using UV-Vis absorption
spectroscopy and photoluminescence spectroscopy. This
study aims to investigate the effect of WO;
concentration on absorbance properties and charge
carrier dynamics of synthesized nanocomposites. UV—
Vis absorption spectra of ternary nanocomposites shown
in Fig. 3 exhibit a distinct red shift in absorption edge
with increasing the content of WO;. The red shift is
clearly visible in the enlarged UV—Vis absorption shown
in inset 3(a). The ternary nanocomposites exhibit an
absorption edge in the range of 470 to 500 nm,
revealing the optical activation of catalysts by visible
light. The ternary nanocomposites, TC5 and TC7,
exhibit the highest red shift, with the absorbance edge
around 475 nm.

The band gap of the nanocomposites was
obtained from the Tauc plot using the relation:

) . 3)

where, ‘a’ is the coefficient of absorption, ‘4’ is
the Planck’s constant, ‘v’ is the frequency of vibration,
‘E,’ is the band gap of semiconductor and ‘n’ denotes
the type of transition: n = 1/2 for direct transition and n
= 2 for indirect transition (Akhsassi ef al. 2024; Fritah et
al. 2024). The Tauc plot [inset 3(b)] was constructed by
plotting /v on the x-axis and (a4v)? on the y-axis. The
band gap was obtained by extrapolating the linear
portion of the graph to o = 0. The band gaps of TCI,
TC3, TCS, TC7, and TC9 were 2.68, 2.55, 2.52, 2.50,
and 2.66 eV, respectively. Among the synthesized
ternary nanocomposites, TC5 and TC7 exhibit a greater

E
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red shift with the lowest band gap of 2.50 and 2.52 eV,
respectively. The reduction in band gap will help the
nanocomposites to broaden their absorption spectrum,
which makes it favourable for photocatalytic and
optoelectronic applications (Sun ef al. 2023).

Intensity (a.u.)

500 600
Wavelength (nm)

400 700

Fig. 4: Photoluminescence spectra of TC1, TC3, TC5, TC?,
and TC9 ternary nanocomposites

Fig. 4 shows the photoluminescence spectra of
ternary nanocomposites. It is clear that the emission
wavelength and intensity of emission significantly
change with WOs; concentration in ternary
nanocomposites. Among the synthesized ternary
nanocomposites, TC5 exhibits the lowest PL intensity,
portraying the improved separation and migration of
charge carriers, which results in suppressed charge
carrier recombination (Devi et al. 2024; Devi et al.
2023). Overall, the optical studies suggest that the
concentration of WOj3 has influenced the band structure
via better overlap of electronic orbitals and modifying
the charge carrier dynamics of the nanocomposite
materials.

3.3 Morphological Studies

Fig. 5: (a—e) FESEM images of TC1, TC3, TC5, TC7, and TC9
ternary nanocomposites

The morphology and microstructure of ternary
nanocomposites were studied using FESEM and TEM
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analysis. Fig 5(a—e) displays the FESEM images of
ternary nanocomposites with 1, 3, 5, 7, and 9% WOs,
respectively. The micrographs of TC1, TC3, and TCS
[Fig. 5(a—c)] exhibit nanostructures with quasi-spherical
morphology. The binary (CaWO4/g-C3Na4)
nanocomposites, reported in a previous work (Vadivu et
al. 2025), showed the uniform distribution of CaWO4
over g-C3N4 nanostructures, which are loose and fluffy
quasi-spherical nanostructures. In the present work, the
addition of WOs to the binary nanocomposite (CC3) has
not disturbed the distribution, and the ternary
nanocomposites below 5% WO; resulted in a similar
morphology, which is evident from the better
distribution of WOs3, resulting in efficient heterojunction
formation. However, at higher WOz (TC7 and TC9)
concentration, the agglomeration between the particles
is greater, resulting in a less porous, denser surface
morphology. This might be due to the overloading of
WO; in ternary nanocomposites. The denser
morphology will have less open surface, in which the
active sites will hinder and may suppress the
photocatalytic performance of the nanocomposites (Liu
et al. 2022; Vavilapalli et al. 2024). The microstructure
changes (TC1-TCS5) demonstrate a smooth and
homogeneous anchoring of the WOs nanoparticles on
the surfaces of CaWOa4/g-CsN4 at lower concentrations
of WOs, as appropriate dispersion was achieved with
ultrasonic mixing, along with superior interface contact
for charge transport across the heterojunction. On the
contrary, at a higher gathering of WOs denoting clusters
(TC7 and TC9), charge mobility was reduced as the
available surface area active was reduced from particle
collisions and overt nucleation, which can block
available reaction sites. The reductions in light
penetration and charge mobility account for a reduction
in the photocatalytic efficiency observed at the higher
concentrations of WOs.These microstructure variations
confirm that WOs plays a crucial role in determining
interface contact and charge mobility. The optimal
morphology achieved at 5% WO; (TC5) promotes
efficient heterojunction formation, whereas excessive
WOs content causes agglomeration that inhibits surface
activity and suppresses photocatalytic efficiency.

(@) i Ors

a4

y v
¢ Eoml

C———
- 00nm

Fig. 6: TEM images of (a) TC1 and (b) TC5 ternary
nanocomposites, showing internal morphology and
interfacial contact between the components
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Further insight into the nanostructures was
obtained from TEM images, which are displayed in Fig.
6. The TEM images of nanocomposites, TC1 [Fig. 6(a)]
and TCS5 [Fig. 6(b)], display well-defined contact
between the components of the nanocomposites,
resulting in a tightly coupled heterostructure. The
nanocomposites with well-dispersed components and
strong structural configuration will support the efficient
charge separation and suppress its recombination, which
is vital for photocatalytic applications (Bonde et al.
2024; Melinte et al. 2019, and Rokesh et al. 2021).

The morphological studies are comparable
with the observations obtained from the optical studies.
The morphological studies reveal that the
nanocomposites are more aggregated at higher WO;
concentration. Similarly, the intensity of PL emission
for TC7 is increased compared to TCS5. Furthermore,
the XRD patterns confirm the formation of
nanocomposites without affecting the crystalline phases
of individual components. Hence, comparing the
structural, optical, compositional, and morphological
analysis, it is understood that the synergistic effects of
components of nanocomposites at optimal concentration
modulate the electronic structure and facilitate better
overlap of orbitals, robust heterojunction, and superior
charge carrier dynamics to make it a promising
candidate for photocatalytic applications. Overall, the
microstructural evolution observed with varying WO:s
concentration demonstrates that processing parameters
critically govern interfacial density, porosity, and
particle connectivity. The optimized TC5 composition
achieves a balance between uniform dispersion and
heterojunction integrity, whereas excessive WOs loading
induces agglomeration and surface densification, which
negatively affects charge transport and surface
reactivity. This microstructure—performance correlation
explains the observed photocatalytic trend.

3.4 Textural Analysis

Table 2. BET surface area, total pore volume, average pore
diameter, and BET C constant of the ternary
nanocomposites with different WO; loadings (TC1, TC5, and
TC9) obtained from N adsorption—desorption

measurements
BET Total Average
Sample Surface Pore Pore BET C
P Area Volume Diameter Constant
(m*/g™") (em’g’") (nm)
TC1 14.02 0.1238 17.66 91.55
TCS5 11.25 0.1509 26.84 288.05
TC9 1.09 0.1097 201.7 30.14

The surface area, pore volume, and pore
structure of the ternary nanocomposites with three
different loadings of WO; (TC1, TCS, and TC9), using

N> adsorption—desorption measurements, are presented
in Table 2.

The BET surface area of TC1 (1% WOs) was
the largest, measuring 14.02 m? g'; however, the most
beneficial pore structure was in TC5 (5% WOs + 3% g-
CsNa), having a total pore volume of 0.1509 cm?® g and
a mesoporous average pore diameter of 26.84 nm. The
high C value of TCS5, at 288.05, supports that the
adsorbate—surface interaction is much stronger,
indicating its surface is more heterogeneous, and active
sites are more accessible.

The larger mesopores in TCS facilitate:

e The diffusion of RhB molecules into the interior
of the catalyst,

e improved light penetration due to reduced
scattering and,

e cnhanced adsorption and trapping of dye
molecules prior to degradation.

Relative to TC1 and TC5 samples, TC9 (9%
WO:) had a very low surface area of 1.09 m? g'! and an
unusually large pore size of ~200 nm due to the
agglomeration of excessive WOs, which blocked active
sites and shielded both CaWO4 and g-CsN4 surfaces
from visible-light. These data reinforce that TCS5
represents the optimal loading for achieving a
synergistic mesoporous structure, which enhances
reactant diffusion and electron-transfer pathways,
thereby improving photocatalytic degradation of RhB.

3.5 Compositional Studies

2p 2p.
Ca 12 312 105

TC1

Intensity (cps)
Intensity (cps)

4 352 344

3 36
Binding energy (eV)

Adventitious carbon
C NC=N con C5

TC1

350 348 346
Binding energy (eV)
Adsorbed species

-~

Lattice oxygen
{ TC5

Defective Oxygen

Intensity (cps)
Intensity (cps)

TC1

535

s 530 0 285
Binding energy (eV) Binding energy (eV)

N-Cly=— C=N-C
N Z é é TC5

TC1

Intensity (cps)

8
S

402 400 398 39
Binding energy (eV)

Fig. 7: High-resolution XPS spectra of Ca, W, O, N, and C for
TC1 and TC5 nanocomposites, confirming the chemical
states of the constituent elements
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The surface chemical composition and
electronic interactions within the nanocomposites can be
studied using XPS. Fig. 7 shows the high-resolution
spectra of Ca, W, O, N, and C for both TC1 and TC5
nanocomposites. High-resolution spectrum of Ca 2p
exhibits two prominent peaks corresponding to Ca
2p1/2 and Ca 2p3/2 of Ca*" in CaWOs. Further, no
significant peak shift is observed between TC1 and
TCS5, signifying a stable chemical state of Ca?" (Yadav
et al. 2023). The high-resolution W 4f spectra of TCI
and TCS5 are deconvoluted into two doublets
corresponding to W and W3* oxidation states. Doublet
at higher binding energies (38.6 and 374 eV)
corresponds to 4f5/2 and 4£7/2W®" oxidation state. The
doublet at lower binding energies (36.3 and 34.5 eV)
corresponds to 4f5/2 and 4f7/2W>" oxidation state
(Ganbavle et al. 2014). The quantitative analysis of the
W6 W3* ratio is approximately 4:7 for TC1 and 1:2 for
TC5, suggesting a higher proportion of W>* in TC5. The
increase in W>" suggests the formation of a greater
density of oxygen vacancies and defect sites. Further,
the peaks of TC5 are shifted slightly, which might be the
result of improved electronic interaction between the
components CaWOys, g-C3N4, and WOs. The presence of
such improved electronic interaction will facilitate the
charge-separation process and thus increase the
photocatalytic efficiency of nanocomposites (Al-Harthi
et al. 2025).

The high-resolution O 1s spectra exhibit peaks
around 530 eV, 531.5 eV, and 533 eV, corresponding to
lattice oxygen, defective oxygen, and adsorbed oxygen
species (Lim ef al. 2023). The TCS5 shows a higher
contribution of adsorbed oxygen, which can contribute
to the enhancement of photocatalytic performance via
improved surface reactivity of nanocomposites. TC1 and
TCS5 exhibit two nitrogen peaks centered approximately
at 398.5 eV [C=N-C] and 400.2 eV [N-(C)*], which are
the usual peaks observed in g-C3Ny. Similarly, the peaks
of adventitious carbon (~284.6), C-OH (~286.1 e¢V), and
N-C=N (288.4 eV) are displayed in C 1s high-resolution
spectra. On the whole, the results of XPS suggest a
stronger interaction between the components of
nanocomposites, which aids the better charge transfer
and heterojunction formation in TCS.

The FTIR spectra are presented in Fig. 8. All
the ternary nanocomposites exhibit a strong band
around 400—-800 cm’!, which can be attributed to metal-
oxygen bonds: Ca—O and W-O stretching vibrations
(Mohammadi, 2017; Najafi-Ashtiani et al. 2018). The
presence of the above distinct bands supports the
formation of a metal oxide network. The characteristic
peaks of g-CsN4 appeared in the 1200 to 1700 c¢m!
range. The peaks at 1215 c¢cm™ and 1317 cm’! are
attributed to the stretching vibration of C-NH-C
(Sunasee et al. 2019). The stretching vibrations of C—N
appeared at 1398 cm™, 1535 cm™!, and 1633 ¢cm™'. The
broad absorption band from 3500 to 3000 cm!
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corresponds to O—H stretching modes (Sunasee et al.
2019). The presence of Ca—O, W-0, and g-C3N4 peaks
confirms the presence of CaWOj, g-C3N4 and WOs3 in
ternary nanocomposites.
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= 3172 TC5
s —TC7
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e s
(2] /
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(1]
I: 15351446 l
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4000 3000 2000 1000
Wavenumber (cm™)

Fig. 8: FTIR spectra of TC1, TC3, TC5, TC7, and TC9 ternary
nanocomposites, showing the characteristic functional
groups of the components

3.6 Optimization of Photocatalytic Performance

Photocatalytic =~ degradation  of  organic
compounds is a complex interplay that consists of a
series of physical and chemical phenomena, including
surface interactions (adsorption/desorption), diffusion of
incident light into the medium and its subsequent
absorption by the catalyst, charge separation, and charge
transfer dynamics. To understand these physical and
chemical phenomena, photocatalytic degradation of
RhB by TCS5 was investigated using various reaction
parameters like catalyst dosage, dye concentration, and
pH of dye solution.

Catalyst dosage is a key parameter that
significantly affects the photocatalytic degradation, as it
determines the active sites and generation of reactive
oxygen species. In a photocatalytic reaction, an optimal
level of catalyst will improve photon absorption and
charge carrier generation. However, beyond the optimal
amount, detrimental  effects  were  observed
(Ahmaruzzaman and Mishra, 2021; Arulkumar et al
2023). In the current study, the effect of photocatalyst
dosage is studied by varying the TC5 amount between
20 and 100 mg/L, and the results are displayed in Fig.
9(a). It is evident from Fig. 9(a) that the degradation of
RhB increases as the catalyst amount is increased from
20 to 80 mg/L. The addition of a catalyst below the
optimal level increases the active sites and enhances the
ROS generation. However, beyond 80 mg/L, light
scattering increases, light penetration decreases, and
thus reduces the generation of charge carriers, finally
reducing the photocatalytic performance of the catalyst
(Ahmaruzzaman and Mishra, 2021; Yekta et al. 2016).
Thus, 80 mg/L is taken as the optimal level of
photocatalyst.
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Fig. 9: Optimization and photocatalytic performance of ternary nanocomposites for RhB degradation under visible-light
irradiation: (a) effect of catalyst dosage, (b) effect of dye concentration, (c) effect of pH, (d) pH drift method, (e) adsorption of
the dye under dark conditions, (f) photocatalytic activity of the synthesized nanocomposites, (g) kinetics of RhB
degradation, and (h) EIS spectra

The effect of initial dye concentration on
photocatalytic degradation efficiency of TCS5 was
examined by varying the RhB concentration from 2.5
ppm to 10 ppm [Fig. 9(b)]. The degradation efficiency
of the catalyst exhibits an inverse relationship with dye
concentration. Further, at higher concentration (10
ppm), the efficiency of the catalyst falls drastically. The
dye at higher concentration shields the catalyst’s surface
and decreases the photons reaching the catalyst surface,
which results in decreased photocatalytic performance
(Magar et al. 2022). Hence, from systematic analysis,
7.5 ppm is taken as the optimum RhB concentration,
achieving 98% degradation in 75 min.

The effect of pH on the photocatalytic
performance of TCS is studied over pH values from 2 to
10 [Fig. 9(c)]. The maximum degradation efficiency
98% in 150 min is achieved at pH = 8. This is because
the catalyst exhibits pHpzc at 6.8, determined using the
pH drift method (Fig. 9(d)) (Askari et al. 2020; El
Aouni et al. 2024). Hence, the catalyst exhibits a
positively charged surface below pH 6.8 and a
negatively charged surface above its pHpzc. In this
scenario, the RhB, being a cationic dye, gets adsorbed
over the catalyst surface more effectively at pH greater
than pHpzc. At pH = 8, there is a favourable
electrostatic interaction between the surface of TCS and
RhB dye, which subsequently enhances the
photocatalytic activity (Laatar et al. 2017; Yuan et al.
2023). However, at very high pH, the presence of a
higher amount of OH— will act as a scavenger and thus
reduce the photocatalytic efficiency of TCS.

The adsorption of dye under dark conditions is
evaluated by stirring 7.5 ppm of dye along with 80 mg/L
of catalyst at pH = 8. Absorbance of dye solution in the
dark is measured at regular intervals and presented in
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Fig. 9(e). The absorbance of the dye solution becomes
constant after 15 min, showing the establishment of
adsorption—desorption equilibrium in a short time. Thus,
the studies reveal the importance of light for the
degradation of the RhB dye solution.

Fig. 9(f) shows the systematic evaluation of the
photocatalytic performance of binary (CC3) and ternary
nanocomposites against RhB as a model pollutant. The
incorporation of WOs3 to CaWO4/g-CsNs in varying
ratios caused a notable change in the photocatalytic
performance of the synthesized ternary nanocomposites.
Among the variants, TC5 exhibited the highest
photocatalytic activity, degrading 98% of RhB dye in 75
min, under visible light irradiation. This remarkable
achievement can be attributed to the formation of an
efficient ternary heterojunction, which can promote the
charge carrier separation and suppress the
recombination of charge carriers, thereby increasing the
availability of reactive species required for the
photodegradation  process. Further, the optimal
concentration of WO3 in TCS creates well-aligned band
structures that facilitate the interfacial charge transfer
and improve redox efficiency during photocatalysis. In
contrast, lower concentration of WO3 (TC1 and TC3
may not provide sufficient interfacial contact, whereas
higher concentration of WO; (TC7 and TC9) may
induce agglomeration or excess charge trapping, which
could act as recombination centers, thereby reducing the
overall photocatalytic efficiency.

To further understand the photocatalytic
process, kinetic studies were performed by applying a
pseudo-first-order kinetic model, which is appropriate
for dilute dye concentrations where the surface coverage
of the photocatalyst remains constant. This relationship
can be expressed as:
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in(2) = ke @

where, Cyp and C; are the initial and
instantaneous concentration of RhB at time ¢, and & is
the apparent rate constant. The linear plots of In(Cy/Cy)
vs. time [Fig. 9(g)] for all samples indicated that the
degradation followed pseudo-first-order kinetics. Each
experiment was performed in triplicate, and error bars
representing the standard deviations have been included
in the kinetic plots to demonstrate reproducibility. The
rate constant £ for TC5 (5.40x10 min™!) is significantly
higher than those of CC3 (2.69x102 min') and other
ternary nanocomposites, portraying its superior
degradation rate. This is consistent with the enhanced
charge separation and synergistic interactions among
CaWO0s, g-C3Ny, and WO3 in TCS, which collectively
promote efficient generation of reactive species such as
hydroxyl radicals (HO*) and superoxide radicals (O2"*),
leading to rapid RhB degradation. Thus, both the
degradation  efficiency and  kinetic  analysis
unambiguously demonstrate that TCS exhibits the best
photocatalytic behaviour among all the tested
nanocomposites.

Fig. 9(h) shows the Nyquist impedance plots of
TCI in the high-frequency region. Each of the catalysts
exhibits a distinct semicircular arc, which corresponds
to the charge transfer process at the interface of the
semiconductor and electrolyte. Among the three
samples, TCS exhibits a smaller arc diameter, signifying
the lowest charge transfer resistance, resulting in the
highest level of interfacial electron transport and the
least recombination of photogenerated charge carriers.
This is attributed to the unique effects of the band
alignment of CaWQa,, g-CsN4, and WOs in the TCS
ternary nanocomposite, which enhances its ability to
transport electrons across the heterojunction interface.
In contrast, TC1 and TC9 both have larger semicircle
diameters, indicating that interfacial kinetics could
potentially be slower. The trend of the R values (TC5 <
TC9 < TC1) was directly related to the photocatalytic
performance, indicating that the increase in charge
separation and mobility in TC5 was responsible for the
further degradation of RhB.

A clearer understanding of the structure—
property relationship can be obtained by correlating the
crystalline phases with charge carrier behaviour. The
enhanced photocatalytic activity of TC5 is associated
with its crystalline structure and balanced heterojunction
interface. The scheelite CaWOa crystal structure gives a
robust host lattice for efficient charge transport
channels, and the m-conjugated structure of g-CsNa
allows efficient electron transfer and transport through
its extended electronic structure. The introduction of
WO: creates defect sites, increases oxygen vacancies,
improves the charge trapping ability, and enhances
visible light absorption. The unique combination of
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excellent crystallinity, coherent lattice contact, and
interfacial electric field effectively improves the
separation and transfer of these charge carriers to
promote improved photocatalytic activity. This
demonstrates that structural organization and interfacial
engineering can have a significant impact on the
photocatalytic activity of the ternary nanocomposites.
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Fig. 10: (a) photocatalytic activity and (b) kinetic study of
TC5 nanocomposites for the photocatalytic degradation of
RhB under natural sunlight

The practical feasibility of a photocatalyst is
strongly influenced by its long-term stability and
reusability under repeated use. To evaluate this practical
feasibility, the photodegradation of RhB was studied
using TCS5 for repeated cycles, and the results were
presented in Fig. 10(a). After each cycle, the
photocatalyst is recovered by centrifugation, washed
with distilled water and ethanol to remove residual dye
and byproducts, and then dried at 70 °C before reuse in
the subsequent cycle.

In the first cycle, TCS5 achieved a RhB
degradation efficiency of approximately 98%, and in the
fifth cycle, 94% RhB degradation was observed.
Further, the structural stability of the optimized
photocatalyst (TC5) was examined using XRD studies,
as shown in Fig. 10(b). The positions and relative
intensities of the diffraction peaks that correspond to
CaWOs, g-C5N4, and WOs were unchanged compared to
the fresh catalyst, indicating that the ternary
nanocomposite-maintained phase stability and chemical
integrity throughout its use. No other reflections
corresponding to impurities or secondary phases were
observed, indicating that the material did not decompose
or undergo any phase transitions during the
photocatalytic process.

There was a slight decrease in overall peak
intensities and some reflections (specifically, the (112)
and (211) planes of calcium tungstate) broadened
slightly upon reuse, which is likely due to surface
fouling by the dye intermediates or microstrain
development as well as some partial amorphization of
the outer surface layer (Sadaba et al. 2015). The
Scherrer crystallite size of the (112) peak changed from
~35.2 nm (fresh) to ~33.8 nm (after reuse), which
corresponds to a change of less than 5%. This
demonstrates the excellent structural stability of TCS5
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during photocatalysis. It is evident that the enhanced
photocatalytic performance of TC5 originates not from a
single factor, but from the combined influence of
optimized processing conditions, favorable crystalline
structure, controlled microstructure evolution, and
efficient interfacial charge-transfer pathways.

The persistence of all characteristic peaks
along with a very small increase in crystallite size and
absence of new phases showed that the CaWO4/g-
CsN4/WOs heterostructure is very stable and reusable,
which matches well with the minor decrease in
efficiency of degradation of RhB (98% to 94% after five
cycles).

3.7 Radical Scavenging and Solar
Photocatalytic Activity
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Fig. 11: (a) reusability study of TC5 nanocomposites for
photocatalytic degradation of RhB and (b) XRD patterns of
TC5 before and after five photocatalytic cycles

To elucidate the dominant reactive species
involved in the photocatalytic degradation of RhB by
TCS5 nanocomposite, radical scavenger experiments
were carried out under visible light irradiation, as
depicted in Fig. 11. In this study, disodium salt of
ethylenediaminetetraacetic acid (EDTA-Na), isopropyl
alcohol (IPA) and benzoquinone (BQ) are used as
scavengers for hole (h"), hydroxyl radical (HO*) and
superoxide radicals (O2"*), respectively.

The photocatalytic performance of TCS in the
absence of any scavenger exhibited the highest RhB
degradation efficiency, indicating efficient generation
and participation of reactive oxygen species. However,
introducing specific scavengers, BQ and IPA,
significantly reduced the degradation efficiency,
indicating the effective participation of hydroxyl radical
(HO+¢) and superoxide radicals (Oz"*) in the degradation
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of RhB by TC5. Nevertheless, the introduction of
EDTA-Na has not reduced the photocatalytic
performance to a greater extent, suggesting lesser
involvement of holes (h") in RhB degradation. These
results strongly imply that the hydroxyl radical (HO*)
and superoxide radicals (O:*) are primary oxidative
species responsible for RhB degradation, whereas
photogenerated holes (h*) play a secondary role in RhB
degradation.
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Fig. 12: Radical scavenging experiments identifying the
dominant reactive species involved in RhB degradation

The photocatalytic activity of the optimized
nanocomposite (TC5) was also evaluated using natural
sunlight to test its practical applications. Fig. 12 shows
the photocatalytic activity and kinetics of TC5 against
RhB under direct sunlight. Under solar irradiation, TC5
achieved nearly complete (~97%) decoloration of RhB
dye within 135 min, showcasing its outstanding, solar-
driven photocatalytic activity. The reaction kinetics
followed a pseudo-first-order model with a rate
constant, k = 2.58 x 102 min™!, although the degradation
rate constant under solar light was slightly lower than
that observed under artificial visible-light irradiation
(k=5.22x 102 min™). This difference is attributed to
the lower and variable light intensity and the broader
spectral distribution of natural sunlight.

This suggests that the CaWO4/g-CsNo/WOs
ternary heterojunction demonstrates effective utilization
of visible light and charge carrier separation under
broad-spectrum solar light. The enhancement in
photocatalytic activity can be attributed to the multiple
semiconductors acting synergistically in an S-scheme
configuration, facilitating electron transfer and the
generation of ROS.
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Table 3. Comparison of RhB photodegradation performance of CaW0,/g-C;N,/WO; (TC5) ternary nanocomposite with

previously reported photocatalysts under different light sources

q Time e (O Rate constant, k
Catalyst Light Source (min) Degradation (%) (min™) Reference
CdS QDs/La-Bi,WOq Xenon lamp 70 99 Not mentioned Ning et al. 2023
Bi2S5/g-CsNa Natural sunlight 120 90 0.73x1072 Basely et al. 2023
g-C3Na/NiFe204 Natural sunlight 60 99 2.7%x10 Mishra et al. 2024
FeSu/TiO: Solar radiation 180 97 2.01x10° Alsulm et al.
Ag2C0s/g-CsNy Natural sunlight 120 95 1.41x1072 Als“;’(;‘zlset al
.. . P Alsulmi et al.
Agl/g-CsNa Visible-light 120 92 1.9x10 2024b
. .. . o Sharma et al.
0-Fe205/g-CsNa/SiO: Visible-light 120 97 2.38x10 2023
GQDs/BiOBr xenon lamp 140 83 4.4%10 Liu et al. 2024
SnS,/g-C3N, Solar radiation 120 96 Not mentioned Alsalzrgze 4et al.
ZnFe;04/Ag:POL/ZnIn,S,s Solar radiation 150 100 2.1x10? Kummar et al
Ternary CdS/TiOx/g-C:Ni visible light 180 99 2.7%1072 Sh"za(;g;,f al
BiOCI/BiOBr/SnS: Visible 20 96 14.33x1072 Liu et al. 2024*
CdSQDs@ZnS/ZnO Under simulated 120 91 Not mentioned Cao et al. 2026*
sunlight
ZnIn,S/BIOCUFeVO, Visible light 30 98 Not mentioned Kummar et al
- . 5 Aishwarya et al.
Ag;PO4 /CoWO, /g-C3Ny Visible light 90 90 2.4%10 2036*
CaWO,/g-C;Ns/WO; Halogen lamp 75 98 5.40%107? Present work
CaWO,/g-C;Ns/WO; Natural sunlight 135 97 2.58%10? Present work

*double-S-scheme mechanism

To validate the efficiency of the optimized
photocatalyst (TCS5), its RhB degradation performance
was compared with that of recently reported
photocatalysts under different light irradiation (Table 3).
TC5 exhibits remarkably high degradation efficiency of
98% in 75 min with a rate constant of 5.40% 102 min"',
which is higher than the reported catalysts. The
photocatalytic performance of TC5 even under sunlight
is substantially higher than most of the reported
systems.

The superior photocatalytic activity of TC5 can
be attributed to:

S-scheme
charge

o the well-aligned double
heterojunction, = which  enhances
separation and suppresses recombination

e the presence of mesoporous architecture, which
eases the mass transfer, and

e the optimal WO; loading that enables efficient
band alignment without inducing agglomeration.
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These results suggest that the photocatalytic
performance of TCS is comparable to that of several
reported ternary systems. Thus, the study validates the
practical feasibility of TC5 for real wastewater
remediation. The catalyst retained 94% degradation
efficiency after five consecutive cycles, demonstrating
excellent structural durability and operational reliability
for long-term use. The photocatalytic performance of
TCS5 under natural sunlight confirms its potential
applicability in solar-driven wastewater treatment
systems, offering the advantage of reduced energy
consumption. The high activity, stability, and reusability
indicate  that the CaWO4/g-CsNo/WOs  ternary
nanocomposite can be considered a promising and
scalable photocatalyst for practical industrial and
environmental purification processes.

3.8 Mechanism

The probable mechanism, band edge
potentials, and charge carrier mobility of the
synthesized nanocomposite are shown in Fig. 13. The
synergistic interaction between the components of the
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nanocomposites results in enhanced photocatalytic
performance. The band edge potentials of CaWOs, g-
CsNy, and WO;3 were calculated using the empirical
formula (Luo et al. 2018, 2017):

Degradation

Potential (V) Vs NHE

Fig. 13: Schematic illustration of band-edge potentials,
charge transfer and reactions in CaWO0; /g-CsN+/WOs
nanocomposites

B |

E,

B =x-E 3k . (5)

By =Bz +E .. (6)

where Eyz and Ecg are the conduction band and
valence edge potential of the semiconductor, y is the
Mulliken electronegativity, calculated by taking the
arithmetic mean of atomic electron affinity and first
ionization energy, E. is the free-electron energy on the
hydrogen (NHE) scale, and E; is the band gap of the
semiconductor. The band gap obtained from the Tauc
plot and the calculated band edge potential are presented
in Table 4.

Table 4. Mulliken electronegativity, electron free energy,
band gap, and band-edge potentials of CaWOs, g-CsN4, and

WOs nanostructures
Compound x (eV) E¢ Eg Ec Ey

5.92 (Bilgin )

CaWOs Simsek and 4.5 3.67 0415 3.255
Tuna, 2024) ’
4.483 (Praus, -

g-C3N4 2021) 45 2.83 1.432 1.398
6.59 (Székely

WOs3 et al. 2021) 45 267 0.755 3.425

Based on the optical studies and band edge
potentials presented in Table 3, a double S-scheme
heterojunction is proposed for CaWO4/g-C3N4y/WO;
nanocomposites. When the nanostructures at optimum
ratio are mixed/prepared together under suitable
conditions, they will interact with each other to form
nanocomposites with efficient heterojunction, resulting
in better optical properties and improved photocatalytic

429

activity (Wei et al. 2022). In the current work, TC5
exhibits better light absorption and suppressed PL
emission, and hence, it is expected to have good
interaction between the components. Further, TC5
exhibits the smallest semicircular arc, which signifies
the lowest interfacial charge-transfer resistance with
efficient electron migration. Under such conditions, the
interfacial charge redistribution effect will drive the
flow of electrons easily from WOs to g-C3Ny4 as well as
from CaWO; to g-C3;Ny4 until the Fermi levels reach
equilibrium, which is accompanied by the creation of a
strong internal electric field at the interface and bending
of band edges.

The alignment of the Fermi levels of CaWOs,
g-C3N4, and WOs creates an internal electric field,
which governs the motion of photogenerated charge
carriers. When light excites electrons in the valence
band of these semiconductors, electron-hole pairs (e-h)
are generated through the excitation of electrons to the
conduction band. In the S-scheme mechanism, electrons
in the conduction bands of CaWO4 and WOs recombine
with the holes in the valence band of g-CsN. at the
heterojunction interface. This recombination process
eliminates low-energy charge carriers while retaining
highly reactive electrons in the conduction band of g-
CsNa and holes in the valence bands of CaWO. and
WOs. The retained conduction band electrons, which
possess strong reduction potential, reduce dissolved
oxygen to form superoxide radicals, while the retained
holes with high oxidation potential generate hydroxyl
radicals from water. The charge transfer pathway
created by this process leads to the recycling of e-h pairs
that suppresses recombination, thus resulting in
significantly enhanced redox activity and a measurable
enhancement of photocatalytic degradation efficiency.

During the process of photocatalytic activity,
when the nanocomposites are irradiated with the light of
a suitable wavelength, photogenerated charge carriers
are formed within the components of the
nanocomposites. Due to interfacial band bending,
electrons from CaWQ4 and WO recombine with holes
in g-CsNa, while the remaining charge carriers with
strong redox ability actively participate in RhB
degradation. The photogenerated electrons in g-Cs3Na
combine with O, to form superoxide radical ion(Oz"*),
whereas the holes in WO; and CaWOj4 react with water
to form hydroxyl radical (HOe¢). The reactive species
thus formed subsequently degrade the RhB dye. Thus,
the formation, transfer and utilization of the charge
carriers in the ternary nanocomposite system can be
visualized as given in Fig. 13. Also, the proposed
mechanistic pathway is in line with the results of radical
scavenging activity, which portrays the superoxide
radical ion (O2"*) and hydroxyl radical (HO¢) as primary
reactive species in RhB photodegradation by ternary
nanocomposites. The mechanistic interpretation
presented in this study is derived from a comprehensive



A.Vadivu et al / J. Environ. Nanotechnol.,, Vol. 15(1), 418-434 (2026)

correlation of complementary structural, optical,
electrochemical, and photocatalytic analyses; advanced
in-situ or operando characterizations, though valuable,
are beyond the scope of the present study.

The intermediates of RhB degradation using
TC5 under visible light can be studied using Liquid
Chromatography—Mass Spectrometry (LC-MS). The
reaction mixture collected after 120 min of
photocatalysis (by TC5) was subjected to LC-MS
analysis after removing the catalyst by centrifugation.
The chromatogram exhibits peaks at m/z = 443, 415,
387, 359, 331, 303, 275, 247, 219, and 191 at different
retention times. Among these, the peak at m/z = 443
corresponds to RhB, whereas peaks at m/z = 415 and
387 are commonly assigned to intermediates like mono-
and di-N-deethylated RhB. The successive deethylation
and partial oxidation of the xanthene core is established
by peaks at m/z = 359 and 331. Further, the lower mass
peaks at m/z =303, 275, 247, 219, and 191 are the result
of ring opening and progressive oxidative breakdown of
the conjugated backbone, to form small carboxylic
acids. The assignment of intermediates is based on
comparison of m/z values with previously reported LC—
MS fragmentation data. These intermediates confirm
that the RhB photodegradation process using ternary
nanocomposites proceeds via sequential N-deethylation
followed by oxidative cleavage toward mineralization.

4. CONCLUSION

A series of CaWO4/g-C3N4/WO; ternary
nanocomposites was synthesized and systematically
assessed for their structural integrity, optical properties,
and photocatalytic activity. Structural confirmation and
coexistence of individual components were confirmed
by XRD and FTIR. The light absorption characteristics
as well as charge carrier dynamics of ternary
nanocomposites were investigated by UV-Vis
absorption and PL studies, which revealed that TC5
exhibited enhanced absorption and efficient charge
transfer. Among the ternary nanocomposites, TCS5
exhibits the best photocatalytic performance with 98%
RhB degradation within 75 min under visible light
irradiation, with a rate constant of 5.40 x 102 min’',
owing to its optimal band alignment and robust
heterojunction interface. Kinetic analysis followed
pseudo-first-order behaviour, and radical scavenging
tests revealed HOe and O.* as the primary reactive
species.

Further, the TCS5 ternary nanocomposite
showed remarkable stability, retaining about 94%
degradation  efficiency after five consecutive
photocatalytic cycles, indicating excellent structural
durability and reusability. Under natural sunlight
irradiation, the catalyst achieved nearly 97%
degradation of RhB within 135 min, demonstrating its
effective  solar-driven photocatalytic ~performance.
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Overall, this study demonstrates that rational control of
processing parameters and interfacial engineering, even
without complex post-synthesis modifications, can yield
highly efficient CaWO4/g-CsNy/WO3;  ternary
photocatalysts  for visible-light-driven =~ wastewater
remediation and scalable environmental applications.
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